ABSTRACT Newborns are significantly more susceptible to severe viral encephalitis than adults, with differences in the host response to infection implicated as a major factor. However, the specific host signaling pathways responsible for differences in susceptibility and neurologic morbidity have remained unknown. In a murine model of HSV encephalitis, we demonstrated that the choroid plexus (CP) is susceptible to herpes simplex virus 1 (HSV-1) early in infection of the newborn but not the adult brain. We confirmed susceptibility of the CP to HSV infection in a human case of newborn HSV encephalitis. We investigated components of the type I interferon (IFN) response in the murine brain that might account for differences in cell susceptibility and found that newborns have a dampened interferon response and significantly lower basal levels of the alpha/beta interferon (IFN-␣/␤) receptor (IFNAR) than do adults. To test the contribution of IFNAR to restricting infection from the CP, we infected IFNAR knockout (KO) adult mice, which showed restored CP susceptibility to HSV-1 infection in the adult. Furthermore, reduced IFNAR levels did not account for differences we found in the basal levels of several other innate signaling proteins in the wild-type newborn and the adult, including protein kinase R (PKR), that suggested specific regulation of innate immunity in the developing brain. Viral targeting of the CP, a region of the brain that plays a critical role in neurodevelopment, provides a link between newborn susceptibility to HSV and long-term neurologic morbidity among survivors of newborn HSV encephalitis.
N
ewborns are particularly susceptible to a wide range of viral encephalitides compared to adults. Herpes simplex virus (HSV) is the most common cause of viral encephalitis, but infection with HSV in the adult typically results in asymptomatic acquisition or benign mucosal disease, and only rarely results in encephalitis (1) . This is in stark contrast to HSV infection in the newborn, where more than 30% of those infected progress to encephalitis (2) . Among survivors, 2/3 will go on to have permanent neurologic morbidity (2) . The disparate outcomes between adults and newborns following HSV infection suggest an age-dependent difference in susceptibility to disease based on host factors.
The unique immune responses in the newborn are partly reflections of the dramatic shift from a sterile uterine environment, microbial colonization of organs, and the role of cytokine and chemokine balance for proper neurodevelopment. In addition to the well-described differences in the newborn adaptive immune response (3), evidence suggests that there are also important differences in the innate response between age groups (4) . Although the type I interferon (IFN) response reduces viral replication and improves survival in the adult (5), it does not contribute to survival following HSV infection in the newborn brain (4) . However, the type I IFN response is not completely absent in the newborn brain, since it does contribute to survival following infection with a recombinant HSV-1 deficient for interaction with proteins in the host response pathways (6) . Whether this observation results
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crossmark from a global down-regulation of IFN signaling components in the brain or specific key regulators in the pathway remains unknown. HSV belongs to the family of neurotropic alphaherpesviruses, and their infection of neurons in the adult brain has been well described (7) . However, some virus families which are not neurotropic in the adult brain target neural progenitor cells and glial cells in the newborn brain (8) . This suggests possible agedependent changes in neurotropism. The choroid plexus (CP), found throughout the ventricles and responsible for cerebrospinal fluid (CSF) production in the brain, has recently been described as a target for several different pathogens (9) . Distinct from the blood-brain barrier (BBB), which is comprised of endothelial cells in association with pericytes, astrocytes, and the basement membrane and forms a contiguous membrane barrier, the specialized CP epithelium surrounds fenestrated capillaries to form the blood-CSF barrier. Importantly, the CP is a site of lymphocytic infiltration into the brain via the blood-CSF barrier (10) and may also provide access to the brain for pathogens. Beyond its role in CSF production, the CP secretes several factors that influence neural progenitors and brain development in the subventricular zone (SVZ) (11) . Insult to the CP can have a profound impact on neurodevelopment, and prior studies have shown that peripheral inflammation can dramatically change the transcriptome and secretome of the CP, altering fetal ventricular zone proliferation and, ultimately, cortical layer formation (12, 13) .
In the current study, we hypothesized that host cell susceptibility during HSV encephalitis is different in the newborn than in the adult and that age-dependent differences in the innate response to infection contribute to a change in neurotropism.
RESULTS AND DISCUSSION
To determine whether the choroid plexus was susceptible to HSV-1 early during infection of the newborn brain, neonatal mice were inoculated intracranially (i.c.) with 10 3 PFU of wild-type (WT) HSV-1 and perfused 48 h postinfection for immunohistochemical (IHC) analysis. Direct intracranial inoculation circumvents the BBB to allow investigation of HSV neurotropism while controlling for possible differences in the BBB between the newborn and adult brain. HSV was robustly detected in the CP of all newborn mice (Fig. 1A and C) and only scantly detected in the brain parenchyma, including the site of inoculation (Fig. 1A) . To determine whether the CP was similarly susceptible early in HSV infection of the adult brain, adult mice were inoculated with 10 4 PFU of HSV-1 i.c. for IHC 48 h postinfection. In stark contrast to the newborn, the adult CP was not susceptible to HSV-1 infection ( Fig. 1B and D) , although viral antigen was detected in the adult brain parenchyma, consistent with prior reports (Fig. 1B ) (14) . This finding is additionally supported by prior work demonstrating a similar pattern of infection in the adult brain even at over 10-fold-higher doses of HSV-1 (15) . Although the CP was not HSV positive in the adult, a few rare HSV-positive cells in neighboring ependymal cells and neurons were present (Fig. 1D) , demonstrating that the virus did have access to the ventricles early in infection. Localization of HSV-1 to the CP in the newborn brain was confirmed using dual immunofluorescence (IF) for HSV antigen and E-cadherin, a specific marker for the specialized epithelial cells of the choroid plexus (Fig. 1E) (16) . E-cadherin is not present in other neural cells or the distinct ependymal cells that line the ventricles of the brain (unpublished data). Consistent with IHC findings, HSV was not detected in E-cadherin-positive cells in the adult brain (Fig. 1F) . Last, we demonstrated HSV targeting of the CP in a human newborn case of HSV encephalitis ( Fig. 1G to I), with robust infection of E-cadherin-positive CP epithelial cells and, also, HSV-positive cells in the fibrovascular stroma of the CP ( Fig. 1H and I ). Taken together, these data demonstrate a difference between newborns and adults in the susceptibility of the choroid plexus to HSV-1 early in infection and confirmation of choroid plexus susceptibility to HSV in a human case of newborn encephalitis.
Prior studies have demonstrated that the HSV-1 entry receptor nectin-1 is expressed throughout the adult brain, including the choroid plexus (17) . Nectin-1 is sufficient for HSV binding and entry (18) , so this suggests a differential susceptibility of the choroid plexus to HSV-1 based on innate host factors. To determine components of the innate host response that may contribute to susceptibility of the newborn CP, we characterized the early type I IFN response in the newborn brain in comparison to that in the adult brain. Following i.c. inoculation with HSV-1, enzyme-linked immunosorbent assay (ELISA) of brain homogenates demonstrated no increased production of alpha interferon (IFN-␣) at 24 h postinfection in the newborn brain compared to the level in mock-infected controls ( Fig. 2A) . In contrast, IFN-␣ production 24 h postinfection was readily detected in the adult brain, consistent with prior reports (19) . Type I IFN production was not completely absent in the newborn brain, since IFN-␤ was detected in both age groups, although at a lower level in the newborn than in the adult (Fig. 2B) . Interestingly, the levels of production of type I IFNs were lower in the newborn brain despite higher viral loads than in the adult brain at the same time point (Fig. 2C) .
To determine whether the reduced interferon production in the newborn brain was a result of global down-regulation of the type I IFN response or specific components of the pathway, we investigated across the two age groups the basal levels of several host proteins previously shown to play a critical role in the type I IFN response to HSV infection (20) (21) (22) (23) (24) . Surprisingly, IFN-␣/␤ receptor (IFNAR) levels were dramatically lower (more than fourfold) in the newborn brain than in the adult brain (Fig. 2D) . Similarly, the levels of the double-stranded RNA (dsRNA)-dependent protein kinase R (PKR) were also significantly reduced in the newborn brain. The reduced levels of IFNAR and PKR in the newborn brain were not a result of global down-regulation of the type I IFN pathway, since STAT1 and cGAS were present at significantly higher levels in the newborn brain than in the adult brain. The increased level of Tolllike receptor 3 (TLR3) in the newborn brain is consistent with a physiologic role of TLR3 in neurodevelopment and has previously been described by others (25) .
IFNAR is ligated by IFN-␣/␤ to stimulate the host interferon response and, ultimately, produce several antiviral interferonstimulated genes (ISGs) (26) . In the adult, signaling through IFNAR reduces viral titers and improves survival in mice (5) . To determine the contribution of IFNAR levels to CP susceptibility in HSV-1 infection, newborn and adult IFNAR knockout (KO) mice were inoculated with HSV-1 as described in Materials and Methods. Consistent with our studies in WT newborn mice (Fig. 1) , the CP was susceptible early in infection of IFNAR KO newborn mice ( Fig. 3A and C) . Genetic ablation of IFNAR in the adult restored susceptibility of the choroid plexus to HSV-1 ( Fig. 3B and D) . Additionally, infection of the CP early in infection of IFNAR KO adults demonstrated similar viral access to the ventricles in both age groups following i.c. inoculation, but establishment of infection was dependent on host factors. Across both age groups of mice deficient in IFNAR, HSV consistently colocalized with E-cadherin ( Fig. 3E and F ). These data demonstrate that IFNAR restricts HSV-1 neurotropism from the choroid plexus and that reduced levels of IFNAR contribute to the early susceptibility of the choroid plexus in the newborn brain. Similar to several mediators of the type I interferon response, IFNAR participates in feedback loops to regulate its own expression and the expression of many other ISGs (27) . To determine whether the altered levels of PKR, STAT1, cGAS, and TLR3 in the naive newborn brain compared to their levels in the adult brain (Fig. 2D) were the result of significantly reduced IFNAR levels in the newborn or a result of developmental age, we compared the basal protein levels in i. with 10 6 PFU HSV-1 (n ϭ 5, each age group) or 24 h after mock infection (n ϭ 5, each age group). There was no statistically significant increase in IFN-␣ in the HSV-infected newborn brain compared to the level in the mock-infected control (P ϭ 0.16). The HSV-infected adult brain had significantly increased IFN-␣ production compared to the level in the mock-infected adult brain at 24 h p.i. (P ϭ 0.006). (B) IFN-␤ ELISA of brain homogenates either 24 h p.i. with 10 6 PFU HSV-1 (n ϭ 5, each age group) or 24 h after mock infection (n ϭ 5, each age group). There was a statistically significant increase in IFN-␤ production following HSV-1 infection compared to its production in mock-infected controls in both the newborn (P ϭ 0.04) and adult (P ϭ 0.002) mouse brain. (C) HSV-1 titers in the brain at 24 h following i.c. inoculation with 10 6 PFU virus. HSV-1 replication was significantly higher in the newborn brain than in the adult brain (mean titers of 2.12E7 PFU/g for the newborn and 1.90E6 PFU/g for the adult; P ϭ 0.0008). (D) Representative immunoblots (left) and densitometry results (right) of brain homogenates from uninfected newborn and adult mice (n ϭ 5 in each group). Protein levels of IFNAR and PKR were significantly lower in the newborn than in the adult brain. Basal levels of STAT1, cGAS, and TLR3 were higher in the newborn than in the adult brain. TBK1 and STING levels were similar in both age groups. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; ****, P Ͻ 0.001. the WT newborn brain to the basal levels in the IFNAR KO adult brain (Fig. 3G) . Interestingly, deletion of IFNAR in the adult did not restore the levels of PKR, STAT1, cGAS, or TLR3 to newborn brain levels. This suggests that the decreased IFNAR level in the WT newborn brain does not account for the significantly decreased level of PKR and suggests an IFN-independent down-regulation of PKR in the newborn brain. This may have important implications for disease severity in the newborn, since PKR has been well described to contribute to restricting viral replication and improving survival in adult models of encephalitis (20) .
In summary, we report that the choroid plexus is susceptible to HSV-1 early in infection of the newborn murine brain but is protected from infection in the adult. We also provide the first description of HSV infection of the CP in a newborn human case of HSV encephalitis. Compared to the adult mouse brain, the newborn mouse brain demonstrated reduced IFN production following HSV-1 infection. IFNAR is present at a significantly higher level in the adult mouse brain than in the newborn brain, and ablation of IFNAR in the adult mouse brain restored susceptibility of the CP to HSV-1 infection, similar to the WT newborn. Finally, genetic ablation of IFNAR in the adult mouse did not decrease PKR levels, demonstrating a likely IFN-independent downregulation of PKR in the newborn mouse brain.
MATERIALS AND METHODS
Viruses and cells. The WT HSV-1 strain 17ϩ virus was kindly provided by Richard Thompson, University of Cincinnati, Cincinnati, OH and was previously described (28) . Vero cells were cultured in DMEM plus 10% (vol/vol) FBS and 1% penicillin-streptomycin and were used for propagation and titration of virus. Plaque titrations were performed by standard methods. Comparisons of viral titers between the two different age groups were done by Student's t test.
Murine HSV encephalitis model. Animal care and use in this study were in accordance with institutional and NIH guidelines, and all studies were approved by the Northwestern University Animal Care and Use Committee. The mouse strains used have been previously described, including the 129S2 (WT) and IFN-␣/␤ receptor knockout (IFNAR KO) mice on the 129S2 genetic background (26) . Pups were inoculated at 7 days of age, which from an immunologic perspective corresponds most closely to humans at birth (3). Virus was diluted to the appropriate dose for each experiment with phosphate-buffered saline (PBS) containing 1% inactivated calf serum and 0.1% glucose (PBS-GCS). PBS-GCS without virus was used for mock-infected controls.
Immunohistochemistry and dual immunofluorescence. Seven-dayold newborn mice were inoculated i.c. with 10 3 PFU of HSV-1 strain 17ϩ, and 10-week-old adult mice were inoculated i.c. with 10 4 PFU HSV-1 strain 17ϩ. A positive displacement syringe with a 26-gauge needle and a needle guard was used to inoculate a 5-l total volume into the brain. The needle was placed in the approximate region of the hippocampus, equidistant between the lambda and bregma, through the left parietal bone lateral to the sagittal suture. The placement of the needle was confirmed in paraffin sections. Anesthetized mice were subjected to intracardiac perfusion with 4% formaldehyde and subsequently embedded in paraffin. Four-micrometer-thick sections were mounted on glass slides. Antigen retrieval was performed manually using citric acid-based solution (Vector Laboratories) at 95°C for 10 min. IHC staining was performed with anti-HSV antigen (Dako) diluted 1:5,000. Horseradish peroxidase (HRP)-labeled secondary antibodies were visualized after treatment with diaminobenzidine (DAB; Vector Laboratories). Slides were counterstained with Gill's hematoxylin and imaged with the EVOS XL core cell imaging system. For dual immunofluorescence imaging, slides were stained with anti-HSV antigen antibody (1:10,000; Dako) and anti-E-cadherin antibody (1: 200; BD) and the nuclear stain DAPI (Life Technologies). Secondary antibodies conjugated with Alexa Fluor 568 (Life Technologies) and Alex Flour 488 (Jackson ImmunoResearch) were used for visualization.
Immunoblots. Brain tissue samples were whole-organ homogenates from neonatal and adult mice. Western blots were performed on cell lysates using a 1:1,000 dilution of antibodies against IFNAR (Abcam), PKR (Abcam), STAT1 (Cell Signaling), TBK1 (Cell Signaling), cGAS (Millipore), TLR3 (Cell Signaling), and STING (Cell Signaling) and a 1:10,000 dilution of anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (Abcam) as a loading control. Immunoblots were visualized using the LI-COR Odyssey system. Statistical analysis of densitometry was performed using a two-way analysis of variance (ANOVA) and the Holm-Sidak multiple comparison test.
ELISA. Neonatal and adult mice were inoculated i.c. with 10 6 PFU of HSV-1 strain 17ϩ in a 20-l total volume and sacrificed at 24 h postinoculation. ELISA of IFN-␣ and IFN-␤ (PBL Assay Science) was performed on brain homogenates, and the results were read at 450 nm after treatment with tetramethyl-benzidine (TMB).
Human samples. Permission for the use of human postmortem tissue for this study was obtained from the Ann & Robert H. Lurie Children's Hospital of Chicago Privacy Board, in accordance with the U.S. Code of Federal Regulations 45 CFR 46.160 and 164 (29, 30) . Samples of brain tissue were obtained at autopsy from a 7-week-old male who presented at 1 month of age with symptoms of encephalitis, confirmed by HSVpositive CSF and brain tissue.
Statistics. All results are expressed as the mean Ϯ standard error of the mean (SEM). Statistical analyses were performed using Prism 5.01 (GraphPad Software). For ELISA and titer assay, the two-tailed, unpaired Student t test was used was used for two-group comparisons. For multiple comparisons of densitometry data, a two-way ANOVA with HolmSidak's multiple comparison test was used. In all instances, probability values of less than 0.05 were considered significant and are described in the figure legends.
Study approval. Animal care and use in this study were in accordance with institutional and NIH guidelines, and all studies were approved by the Northwestern University Animal Care and Use Committee. Permission for the use of human postmortem tissue for this study was obtained from the Ann & Robert H. Lurie Children's Hospital of Chicago Privacy Board, in accordance with U.S. Code of Federal Regulations 45 CFR 46.160 and 164 (29, 30) . Protein levels of PKR remained significantly lower in the WT newborn brain than in the IFNAR KO adult brain. Basal levels of STAT1, cGAS, and TLR3 remained higher in the newborn brain than in the IFNAR KO adult brain. TBK1 and STING levels were similar in both age groups. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; ****, P Ͻ 0.001.
